A novel experimental setup has been implemented to provide accurate electron scattering cross sections from molecules at low and intermediate impact energies (1-300 eV) by measuring the attenuation of a magnetically confined linear electron beam from a molecular target. High-resolution electron energy is achieved through confinement in a magnetic gas trap where electrons are cooled by successive collisions with N 2 . Additionally, we developed and present a method to correct systematic errors arising from energy and angular resolution limitations. The accuracy of the entire measurement procedure is validated by comparing the N 2 total scattering cross section in the considered energy range with benchmark values available in the literature.
I. INTRODUCTION
Magnetically confined beam techniques for positron scattering experiments were implemented by Surko et al. 1, 2 where a buffer gas trap in a magnetic field stores and cools positrons. In such a device, a pulsed positron beam was produced and accelerated toward a scattering chamber. Further development of the Surko's trap principles can be found elsewhere in different experimental setups. 3, 4 In particular, the state-of-theart positron beam lines available at the Australian National University 5, 6 are clear examples of how these experimental systems can be used for both fundamental scattering studies and material science analysis. A recent review on trap-based techniques and their applications to positron beams has been published by Danielson et al. 7 Recently we have explored the working principle of Surko's trap to the particular case of electron beams and the methodology to implement it. A literature survey has shown, as far as the authors are aware, that the experimental arrangement reported here is the first electron trap combined with a pulsed beam-transmission technique to obtain accurate electron scattering cross sections from key selected molecular targets. Back in 2013, we have designed a first prototype based on a continuous electron beam confined by an intense axial magnetic field passing through a gas cell. 8, 9 More recently, this setup has been improved in terms of energy and angular resolution by incorporating a pulsing beam system and more efficient data collection and analysis procedures. 10 In this paper, we present an improved version of the previous experimental system that incorporates a nitrogen trap to a) anita ilm@iff.csic.es b) g.garcia@csic.es cool an electron beam produced by a hairpin filament to an energy resolution as good as 100 meV. In addition, by using nitrogen as a buffer gas in the trap, the emitting filament is now insulated from potentially reactive target molecules that could migrate to its surface affecting the filament's emission efficiency. 9 The technical details of the experimental setup and its capability to provide accurate electron scattering cross sections and transmission energy spectra are evaluated in this study using nitrogen also as a target molecule. The present results are compared with benchmarked data available in the literature, and the influence of systematic errors associated with the angular resolution and multiple scattering processes are properly evaluated by using differential elastic cross sections obtained through our independent atom model with the screening corrected additivity rule (IAM-SCAR+I) method which includes interference effects. 11 The present experimental setup is described in detail in Sec. II. The operation conditions and transmitted energy spectra showing the cooling electron procedure are given in Sec. III. Benchmarking measurements for the molecular nitrogen, estimation of the uncertainty limits, and comparison with available theoretical and experimental data are presented in Sec. IV. Finally, concluding remarks are presented in Sec. V.
II. EXPERIMENTAL METHOD

A. Setup
A schematic diagram of the magnetically confined electron beam setup is shown in Fig. 1 . The electron beam line is divided into four sections: electron gun (EG), gas trap (GT), scattering chamber (SC), and detector area (AD). The last three sections are mutually separated by differential pumping, and all sections are externally surrounded by solenoids which generate axial magnetic fields of different intensities. The electron gun consists of a commercial hairpin filament (AGAR A054) whose tip is located between two electrodes (E1) and (E2), the repeller, and the extractor. A negative accelerating voltage (Va) is applied to E1. A third electrode (E3) controls the electron intensity that is transmitted to the gas trap (GT). A forth electrode (E4) is electrically connected to GT fixing the kinetic energy of the electrons entering the trap (V a − V GT ). The first solenoid (S1) generates a weak magnetic field (typically 50 G) in the gun area (B EG ) just to confine the primary beam extraction. The electron gun vacuum chamber is differentially pumped by an 80 I/s turbo-pump which provides a background pressure of 10 −8 Torr and allows us to keep it below 10 −6 Torr during the GT operation conditions.
The GT chamber is formed by a 240 mm length cylinder surrounded by the second solenoid (S2) which is cooled internally by a closed-loop cooling jacket and externally by a cooling fan system. The effective collision length of the trap (L GT ) is reduced to 60 mm by means of F 1 and F 2 appropriate fittings (see Fig. 1 ). This length is set by two 1.5 mm diameter apertures attached to the ends of these fittings and corresponds to the length for which the axial magnetic field B 2 (generated by S 2 ) can be considered uniform in this region. The trap typically operates with a N 2 gas pressure of 60 mTorr (introduced through a needle valve) and an axial magnetic field (B GT ) of 0.1 Tesla. The vacuum chamber interface (IC) between the GT and the SC is differentially pumped by a 300 l/s turbopump maintaining the pressure below 10 −6 Torr during the measurements. This interface chamber is surrounded by two solenoids (S3 and S4) which generate an axial magnetic field (B IC ). Inside this chamber, a three-grid system (G 1 , G 2 , and G 3 ), attached to the exit of the GT, is used to pulse the beam by applying a negative squared pulse (−V p ) to G 2 . Additionally, another grid (G 4 ) is attached to the SC and electrically connected to the same negative/positive power supply setting the chamber potential (V SC ) which decelerates/accelerates the electron beam at the SC entrance. The electron's kinetic energy in the SC is then set as V a minus/plus V SC , depending on the V SC voltage bias.
The SC is formed by a 140 mm length cylinder and externally surrounded by the fifth solenoid (S5). The molecular target is introduced through a leak valve maintaining a uniform pressure which was varied from 0 to 9 mTorr during the measurements. Using a similar fitting and aperture systems as those for the GT, the collision path length of the SC, being delimited by two 1.5 mm diameter apertures, is reduced to 40 mm which is the length where the magnetic field remains uniform (within 2.5%). The gas pressure is measured in two different points along the SC by means of a calibrated MKS-micro-Pirani gauge and an absolute capacitance MKS-Baratron (627B) manometer. The temperature in this chamber is also controlled with a standard K-type thermocouple sensor. The 1.5 mm diameter exit aperture of the SC is connected with the analyser-detector chamber AD through a three-grid (G 5 , G 6 , and G 7 ) system which configures the retarding potential analyser (RPA).
The AD is a 350 mm length chamber differentially pumped by a 300 l/s turbo pump. Two solenoids (S6 and S7) provide the axial magnetic field (B AD ). The electron detector is a double micro-channel-plate (MCP) system operating in the single pulse counting mode. The pulsing, counting, and data analysis processes are entirely controlled by a custom-made LabVIEW (National Instruments) programme.
B. Applied voltages and magnetic fields
The experimental configuration of the magnetically confined electron beam system is composed of 5 independent axial magnetic fields generated by the corresponding cylindrical solenoids and their respective current power supplies. The axial magnetic field (B) plays a central role in the present transmission beam measurements by confining the electron beam within a scattering angle θ (see below). The electron's velocity component which is parallel to the field direction (v II ) is not affected by the magnetic force, whereas the perpendicular component (v ⊥ ) interacts with the field, and the resulting magnetic force (F B ) generates a circular motion which modifies the electron's trajectory. The combination of v II and v ⊥ results in a helix of radius R B (cycloidal motion) (as schematically shown in Fig. 2 ) which is given as
where m and e are the electron mass and charge. B does not change the total kinetic energy (E K ), but it is convenient to write
with E II and E ⊥ the kinetic energies related to the parallel and perpendicular velocity components, which can be given as The working operation conditions are based on applying axial magnetic field magnitudes in the GT and the SC high enough to ensure that R B , in comparison with the chamber apertures, can be considered R B 0. Under these conditions, the path length of electrons traveling through the GT and the SC can be considered equal to its respective geometrical length and the effect of any scattered event can be regarded as an E II energy loss. Of relevance is the fact that scattered electrons for scattering angles θ > 90 • are axially reversed toward the EG region. The magnitude of the magnetic field was measured along the axis of the GT and the SC with a Hirst Magnetics GM08 gaussmeter using an axial hall probe (1% accuracy). The corresponding results are shown in Fig. 3 , where a "plateau" region is achieved around the centre of each chamber. The effective scattering lengths of the GT and the SC have been adjusted to the length of their respective plateau to ensure that the axial magnetic field inside both the gas chambers (B GT and B SC ) can be considered uniform (within 2.5%). In the current configuration, we operate at B GT = B SC 0.1 T (1000 G). The role of the other magnetic fields is simply to focus the electron emission (B EG ) and guide the beam between the two main chambers and the final detector (B IC , B AD ). Their respective magnitudes were tuned to optimize the electron current during the measurements. The schematics of the potentials applied to the different regions of the beam system are shown in Fig. 4 .
Electrons emitted by the heated filament are accelerated through the GT with a kinetic energy |V a − V GT | 7 eV. There, they are confined by means of V p for about 90 ms losing almost all of their energy by successive collisions with the N 2 molecules which are maintained in the chamber at a constant pressure of about 60 mTorr. The kinetic energy of the electron beam inside the GT is tuned to 7 eV where the cross sections of N 2 are appreciable 12 achieved by applying a V SC positive voltage. The maximum kinetic energy that can be reached with this procedure depends on the maximum intensity obtained for the B SC magnetic field in order to ensure the aforementioned condition R B 0. For the present experimental setup, we can estimate a maximum electron energy in the SC of 300 eV. After the scattering chamber, a negative retarding potential V R is swept from 0 to V GT in order to obtain the integrated energy spectra of the transmitted electrons. Finally, electrons passing through the retarding potential barrier are accelerated into the cathode electrode of a double MCP system with a 2000 V drop biasing between the anode and cathode. The cathode electrode is maintained at +100 V in order to avoid secondary electron losses from the cathode.
III. MEASUREMENT PROCEDURE
As a combination of the applied voltage through the filament and the thermionic electron emission process, the natural energy spread of the primary electron beam is about 1 eV. The beam is confined by the magnetic and electrostatic fields described above in the GT where electrons lose their initial kinetic energy by elastic and inelastic collisions with the N 2 molecules maintained in the chamber at a constant pressure of 60 mTorr. The initial energy of electrons entering the GT is about 7 eV in order to optimize the efficiency of the cooling process. After this process, typically 500-900 ms long electron pulses are formed and accelerated to the SC with a repetition rate of 10 Hz. Typical transmitted electron intensities as a function of the retarding potential for different N 2 gas pressure values in the GT are shown in Fig. 5 . In this figure, the maximum electron currents are normalized to 100, and hence, they are comparable for the lower RPA voltages.
Such an experimental arrangement leads to typical electron energy resolutions (∆E) in the range of 100-200 meV. Note that residual geometrical misalignments between the different chambers contribute to limit the achieved ∆E values.
Notwithstanding, such resolution values are enough to accomplish the total electron scattering cross section experiments.
A. Total electron scattering cross sections
In order to evaluate the reliability of the present experimental system to determine accurate electron scattering cross sections, we have performed some preliminary measurements with molecular nitrogen. N 2 was introduced in the SC through a leak valve to maintain a uniform gas pressure inside the chamber in the range 0.1-10 mTorr. Once checked that the energy resolution of the primary beam is within the required ∆E range by sweeping the RPA voltage, this voltage is fixed to the operation value (V o ) which reduces the transmitted intensity to 25% of the total primary intensity [see Fig. 5(a) ]. This procedure improves notably the "effective" energy resolution for transmission measurements since it increments the capability of the RPA to discriminate the transmitted intensity against scattered electrons. Under these conditions, the pulse controlling and data acquisition software programme alternatively stores the transmitted intensity when the beam pulse is on and off (background for subtraction) for different gas pressures, typically 10 samples. During the measurements, the pressure range is rearranged for each incident energy in order to ensure that multiple scattering effects are negligible. This is accomplished by checking that the attenuation of the transmitted electron intensity in this pressure range follows a single exponential decay (see Fig. 6 ). The control and data acquisition software described above is also programmed to display the attenuation of the beam and to calculate the slope of the corresponding semi-logarithmic plot as those shown in Fig. 6 . This slope provides the total cross section through the well-known Lambert-Beer attenuation law
where I is the transmitted electron intensity, I 0 the initial intensity, n the molecular gas density, σ T the total cross section, and L the interaction path length. By assuming an ideal gas behavior, this equation can be written as
where k is the Boltzmann's constant, T is the absolute temperature, and p is the gas pressure. T is derived from T = √ T c T m , where T c and T m are the temperature of the scattering chamber measured with a thermocouple and the Baratron gauge. According to the above procedure, a semi-logarithmic plot of Eq. (6) as a function of p provides the slope (m) which is related to σ T as
For each incident electron energy, attenuation measurements were repeated at least 5 times to ensure that statistical uncertainties remained below 4%. Other random uncertainties are due to temperature measurement (within 1%, according to manufacturer's data) and the numerical fitting procedure (about 1%). By combining these uncertainties, a total uncertainty limit of 5% has been determined. Important systematic errors arise from the acceptance (missing) angles of the analyser-detector system, which will be discussed in the next section, and the determination of the actual interaction region length, which will be estimated by a comparison with benchmark data (see Sec. IV). As described elsewhere, 13, 14 for incident energies below the electronic excitation threshold of the target molecule, differential elastic cross sections can be derived from the integrated transmission spectra provided by the RPA when the target pressure in the SC is low enough to ensure single scattering conditions.
B. Missing angles
Due to the confinement effect of the intense axial magnetic field, the angular resolution (∆θ) is dependent on the energy resolution (∆E). If an electron with incident energy E K collides with a target molecule, its kinetic energy after the collision E K is given by E K = E K for elastic processes (the kinetic energy transferred from the incident electron to the target molecule is negligible because of their relative mass ratio) and E K = E K + E exc for inelastic processes, where E exc is the internal energy transferred to the target molecule during the collision. Again, the energy of the scattered electron can be written as
and according to Eq. (3)
For an elastic collision, the angular resolution (∆θ) represents the smallest scattering angle for which the detector is able to distinguish between scattered and unscattered electrons. Considering the case of the minimum deflection distinguished by the detector, ∆θ can be derived from ∆E as ∆E = E K − E II , which in this case corresponds to E II = E cos 2 (∆θ); thus, ∆E = E K − E K cos 2 (∆θ), resulting in
Electrons elastically scattered within ∆θ and 180 • −∆θ angles are considered by the detector as unscattered, and therefore, the total cross sections measured with the attenuation procedure tend to be lower than the real cross sections. A similar situation is found for the rotational excitation processes. Rotational excitation energies are very low, typically a few meV or tenths of meV, which are clearly lower than ∆E, so the RPA sensitivity is not able to resolve them. Note that dipole interactions are strongly peaked in the forward direction and consequently the ∆θ limitation is even more critical for rotational excitation than for elastic scattering processes. The magnitude of this systematic error, σ(∆θ), which is inherent to the present measurements, can be evaluated from theoretical data by integrating the calculated differential cross sections (DCS) over the missing experimental angles, which is given as
where σ el and σ rot represent the elastic and rotational cross sections. Depending on the target, vibrational excitation energies of the ground state may be lower than ∆E so contributing to the σ(∆θ) term. However, reliable differential vibrational excitation cross sections are scarce, and the available data indicate that their contributions to this systematic error can be neglected, in comparison with the elastic and rotational excitation contributions. As an example, in the case of N 2 for energies around 2 eV, the experimental inelastic (0 → 1) DCS is about one order of magnitude lower than the elastic (0 → 0) DCS for relatively small scattering angles (∼15 • ). 15
IV. BENCHMARKING MEASUREMENTS
To check the reliability of the described measurement procedure and to estimate possible systematic errors affecting the experimental results, total electron scattering cross sections for N 2 were measured in the energy range 1-300 eV. As described in Sec. III. A, attenuation measurements were performed by varying the N 2 pressure in the SC and recording the transmitted electron intensity through the RPA when the retarding potential is tuned to discriminate 75% of the initial electron intensity (without N 2 in the SC). Attenuation curves for incident electron energies in the range 1.0-11.6 eV are shown in Fig. 6 . The pressure range of measurements has been chosen for each incident electron energy to obtain a significant attenuation of the primary beam (typically up to 20% of the incident intensity) but ensuring that multiple scattering effects did not contaminate the measurements.
The present experimental total cross sections (TCSs) for electron impact with N 2 in the energy range 1-20 eV are plotted in Fig. 7 together with the previous measurements from Szmytkowski and Maciag 16 and the recommended values from Itikawa. 12 The total uncertainty related to random sources is estimated to be better than 5%. However, other important systematic error sources need to be considered in order to provide reliable reference data. The relevance of the missing angle effect described above can be estimated with the aid of theoretical calculations. For this purpose, we have used our independent atom model with screened corrected additivity rule and interference effects (IAM-SCAR+I) method which has been described in detail elsewhere. [17] [18] [19] For an electron energy resolution of 200 meV, the missing angles given by Eq. (9) range from 6 • to 29 • for incident energies from 1 to 300 eV. From Fig. 7 , the total cross section calculated with the IAM-SCAR+I procedure agrees very well with the present measurements for energies above 15 eV. Given that the calculation methodology considers only geometrical properties of the molecule and not FIG. 7. Total electron scattering cross sections from N 2 as a function of the incident electron energy together with the data available in the literature 12, 16 and our IAM-SCAR+I method. its molecular orbital structure, below 15 eV our theoretical method does not follow the TCS variations and resonances observed by Szmytkowski and Maciag. 16 However, it is still valid to evaluate the relevance of the missing angles. To perform such an assessment, differential elastic cross sections have been integrated for each incident electron energy from the missing angle limit to 180 • minus the missing angle as indicated in Eq. (10) . As shown in Fig. 7 , the results of this integration lead to a calculated TCS slightly lower than the original calculation. The relative differences vary from 9.7% to 2.2% for incident energies ranging from 1 to 20 eV. Being a systematic error which always tends to lower the measured cross sections, this percentage should be added to the experimental values in order to obtain reliable experimental data values. If we compare the direct measurements with the experimental values from Szmytkowski and Maciag 16 and the recommended values from Itikawa, 12 there is an excellent agreement within 3% for energies out of the resonance range (2-3 eV). In this range, maximum discrepancies of the order of 7% are obtained. Note that the observed resonance intensities are very sensitive to energy resolutions used which are different for the experimental data we are comparing here. The transmission experiments reported in Refs. 12 and 16 do not use magnetic confinement, so their missing angle effects are expected to be much lower than in the present case. These authors did not give enough information on their experimental conditions to evaluate this systematic error, but the excellent general agreement found for N 2 allows us to conclude that the systematic uncertainties derived from the missing angles and scattering length determination are not significant in this case and we can establish a total uncertainty limit of the present measurement within 7%. We should note here that any further molecular target studied with the present experimental system will require a detailed missing angle effect evaluation based on reliable theoretical DCS calculations and especially for molecules with permanent dipole moments. 20 We can anticipate that in this type of targets, the elastic cross section is dipole driven showing an enhancement in the forward direction (typically below 10 • ) of the scattered electrons.
V. CONCLUDING REMARKS
The novel experimental setup described here allows us to perform electron beam transmission measurements providing reliable total cross section data for gaseous molecular targets. The magnetic field confinement of the electron beam ensures scattering measurements at low incident energies, where resonances may dominate. The main limitation of the system arises from the missing angles derived from the energy resolution limit. However, we have shown that by using our IAM-SCAR+I calculation procedure, the magnitude of the systematic errors induced by the missing angles can be properly evaluated.
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